ABSTRACT
INTRODUCTION
One way to reduce the requirement for distribution system reinforcement resulting from renewable energy integration is the application of a flexible distribution grid concept. The idea of flexible distribution grids is the activation of flexibilities (active (P) or reactive (Q) power modification) to avoid critical grid operation scenarios, such as line congestion or over and under voltages. A flexible distribution grid can offer its flexibilities on a day-ahead basis with the help of forecasts in order to prevent dangerous grid states from the outset. In addition to the day-ahead trading, the possibility for live system modifications allows a flexible distribution grid to react to forecast errors in real-time. For the successful operation of a flexible distribution grid, a sensitivity analysis is necessary to determine the most effective nodes that must be modified in order to correct the dangerous grid state. For the calculation of such a sensitivity analysis, all node voltages of the grid must be known, in addition to the bus admittance matrix. For day-ahead planning, the node voltages are gained with the help of standard load flow calculations. However, for live applications the node voltages must be gained with the help of a state estimation. This leads to unavoidable errors in the calculated node voltages depending on factors such as the number, location and accuracy of installed meters. Further, the sensitivity analysis is based on a linearization of the load flow problem (derived from the modified Newton-Raphson Jacobian matrix [1] ), which introduces additional error. This paper investigates the error of the sensitivity values calculated for a real low voltage grid, both in simulation and in field-test trials [2] . The sensitivities are computed from node voltages that are derived from a state estimation and so are potentially inaccurate. The mathematical derivation for the calculation of the sensitivity matrices is presented in [1] . The partial differentials for the node voltages 
SIMULATION RESULTS
To investigate the errors of the sensitivity values, a load flow calculation for a representative summer and winter week with a resolution of 15 minutes was performed within the scope of this paper. The simulation addresses the question of whether the node voltage inaccuracies resulting from the state estimation lead to an unacceptable worsening of the sensitivity values. It should be mentioned that all calculations were conducted symmetrically.
State Estimation
For the state estimation, all load flow results that are used as measurements are superimposed with randomly distributed errors to simulate the limited accuracy of the meters used in the field-test. Hatchel's augmented matrix approach was used to compute all node voltage magnitudes and angles. This algorithm is an advancement of the common Weighted Least Square Method, resulting in a better numerical stability due to the separation of the virtual measurements [3] . A detailed mathematical derivation of Hatchel's augmented matrix approach can be found in [4] and [5] . Table 1 gives an overview of the number of measurements within the grid. Virtual measurements hereby represent zero active and reactive power injections, whilst pseudo measurements are load measurements which are not measured in reality and therefore enter the algorithm with a distinct lower weighting factor. However, they are required for observability reasons. Standard load profiles are therefore used, which are scaled to both the known yearly consumption and the actual transformer loading. In order to minimize the estimation error, more than 2N-1 (N=number of nodes) measurements are required which is quantified by the level of redundancy. Similar to [6] , a redundancy level of 1.25 is achieved through the assumption of unrestricted functionality of all measurement devices in the simulations. and the 95 th quantile. The red dots represent outliers. The median is displayed by a red line. It can be seen that no outlier is exceeds 0.2% for Δ|V|, implying a very accurate performance of the state estimation. Furthermore, the errors for the transformer loading are mostly within an acceptable range of ±5%. In contrast, the error distribution of the line currents shows lines with very accurate results as well as lines with estimation errors up to 100%. The reason for this insufficient accuracy is the inaccurate estimation of the voltage angles at the respective points which are crucial for the current flow over the line. However all insufficient results were gained at house connection lines without measuring points. An overloading at these lines is very unrealistic and therefore the high inaccuracy does not pose a significant problem. All lines where a hazard of overloading is realistic exhibit an acceptable error in the range of ±10%. In the case of an inadequate evaluation by the respective distribution system operator, an improvement of the state estimation could be achieved through the installation of additional measurement devices.
Sensitivity Analysis
The lower part of figure 2 and 3 displays the active power sensitivity curve of a node j related to the voltage magnitude at node i and the line current magnitude at line k respectively, whereby neither node i nor line k were measured. The real sensitivity values were calculated by a step by step modification of active and reactive power at every node and a subsequent load flow simulation to observe the effects at every node. Based on the estimated voltages and currents displayed in the upper section of each respective figure, it can be seen that in both cases the real sensitivity values are nearly congruent with calculated sensitivity values. In addition, the voltage sensitivity value does not change significantly over time. This circumstance is justified by the bigger dependence on the admittance matrix as on the actual voltage. However, the line current sensitivity features a highly fluctuating behavior which indicates a distinct dependence on the voltage values and the present load flow direction. Figure 4 shows the error distribution of all occurring sensitivity values within the simulation period. The sensitivity errors are calculated according to following exemplarily formula for Pmodification.
Figure 4: Overall sensitivity error distribution for a simulated period of two weeks in % referring to the real value.
As expected, the voltage sensitivity values for both P and Q-modification show a high accordance between estimated and real sensitivity values. In addition, the line and transformer current sensitivity values display a very low mean error. However, the width of the distribution curve is increasing. The question arises whether these higher errors are still acceptable for the application of a live flexible distribution grid. To answer this question it is necessary to mention that only high sensitive values would be chosen to counteract a problem. It is therefore of the upmost importance that high sensitive values correlate with low errors. Figure 5 reveals the relation between sensitivity value and error for all | | and | | calculations. It can clearly be seen that high sensitivity values correlate with a small error. Due to this, the error magnitude does not pose a constraint for the implementation of a live flexible distribution grid. Beyond that, a more precise analysis showed that, analog to [1] , dangerous sign errors in the sensitivity values correspond to the reversal of P or Q flow at the respective line or transformer and therefore to a very low sensitivity value. This low value excludes the consideration in a market from the outset because high sensitivity values are preferred due to efficiency and economic reasons. 
FIELD TEST RESULTS
There are some deviations in the field test compared to the simulations. Due to the fact that the number of connected costumers in the investigated grid is rather small, complete symmetrical system operation is not common. In addition to this, all battery storages are connected to Phase B in order to provoke distinct and measurable reactions in the grid increasing the degree of unbalance. Moreover, the sporadic failure of data transmission leads to a limited availability of the measurement values and a reduced amount of input data for the state estimation. The behaviour of the batteries presented in this paper is not motivated by solving grid problems as it is common in a flexible distribution grid but rather to provide a foundation for a sensitivity evaluation. Nevertheless, for simplicity reasons a symmetrical state estimation combined with a slightly adjusted symmetrical sensitivity analysis was applied to the values of Phase B. Slightly adjusted means that the values are multiplied by the factor three due to the threefold power over Phase B in comparison to a symmetrical consideration. The accuracy of the sensitivity values calculated under these circumstances was then analyzed. With the objective to alternate the voltage level in the grid all battery storages switch their power between maximal feed in (3.7kW each) and zero during night hours as it can be seen by the alternating transformer power in figure 6 . In the lower part of figure 6 , the measured voltage at a representative node is displayed alongside the estimated voltage, indicating an acceptable concurrence. The predicted voltage value for the time point t+1 according to the sensitivity values at time point t was calculated as shown below.
The blue dots in figure 6 show the result of the prognosis which was conducted every 60sec, directly before a feed in period. Due to the fact that other power flow modifications can be neglected during that time, the bad results can be attributed to the negligence of unsymmetrical conditions. Furthermore, also the state estimation results show a bad accuracy for other nodes (figure 7) occasionally leading to convergence problems with an increasing degree of unbalance. 
CONCLUSION AND OUTLOOK
Referring to the simulation results, the investigated errors for both state estimation and sensitivity were within an acceptable range for the application within a live flexible distribution grid. However in the field test a symmetrical investigation (regarding Phase B and assuming that Phase A and B behave identical) leads to high errors. It could be seen that the real sensitivities exhibit distinctly higher values in comparison to the calculated symmetrical ones (factor six would be a better approach than three as it rudimentarily includes the neutral conductor). Due to this, a detailed unsymmetrical investigation is recommended which could be a problem for most of the low voltage grids. In several cases it is not known at which phase a certain potential flexibility option is connected, leading to a non-applicability in a flexible distribution grid. However the requirement of a sufficient number of competitors (connected at the same phase) must be met.
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